Macroautophagy selectively degrades dysfunctional mitochondria by a process known as mitophagy. Here we demonstrate the involvement of transglutaminase 2 (TG2) in the turnover and degradation of damaged mitochondria. In TG2-ablated cells we observed the presence of a large number of fragmented mitochondria that display decreased membrane potential, downregulation of IF1 along with increased Drp1 and PINK1 levels, two key proteins regulating the mitochondrial fission. Of note, we demonstrate that in healthy mitochondria, TG2 interacts with the dynamic proteins Drp1 and Fis1; interestingly, their interaction is largely reduced upon induction of the fission process by carbonyl cyanide m-chlorophenyl hydrazine (CCCP). In keeping with these findings, mitochondria lacking TG2 are more susceptible to CCCP treatment. As a consequence of accumulation of damaged mitochondria, cells lacking TG2 increased their aerobic glycolysis and became sensitive to the glycolytic inhibitor 2-deoxy-D-glucose (2-DG). In contrast, TG2-proficient cells are more resistant to 2-DG-induced apoptosis as the caspase 3 is inactivated through the enzyme's crosslinking activity. The data presented in this study show that TG2 plays a key role in cellular dynamics and consequently influences the energetic metabolism.
Macroautophagy selectively degrades dysfunctional mitochondria by a process known as mitophagy. Here we demonstrate the involvement of transglutaminase 2 (TG2) in the turnover and degradation of damaged mitochondria. In TG2-ablated cells we observed the presence of a large number of fragmented mitochondria that display decreased membrane potential, downregulation of IF1 along with increased Drp1 and PINK1 levels, two key proteins regulating the mitochondrial fission. Of note, we demonstrate that in healthy mitochondria, TG2 interacts with the dynamic proteins Drp1 and Fis1; interestingly, their interaction is largely reduced upon induction of the fission process by carbonyl cyanide m-chlorophenyl hydrazine (CCCP). In keeping with these findings, mitochondria lacking TG2 are more susceptible to CCCP treatment. As a consequence of accumulation of damaged mitochondria, cells lacking TG2 increased their aerobic glycolysis and became sensitive to the glycolytic inhibitor 2-deoxy-D-glucose (2-DG). In contrast, TG2-proficient cells are more resistant to 2-DG-induced apoptosis as the caspase 3 is inactivated through the enzyme's crosslinking activity. The data presented in this study show that TG2 plays a key role in cellular dynamics and consequently influences the energetic metabolism. Cell Death and Differentiation (2015) 22, 408-418; doi:10.1038/cdd.2014.106; published online 25 July 2014 Autophagy is the cellular process responsible for the degradation of protein aggregates and dysfunctional organelles through the autophagosome-lysosome system. Under starvation conditions, bulk autophagy can be induced to catabolize cellular substrates to generate energy. However, it is now evident that autophagy is an on-going clearance mechanism for larger, longer-lived proteins and aggregates, as well as for organelles such as mitochondria and peroxisomes and pathogenic microorganisms. 1 This basal cellular process takes places in all tissues contributing to the turnover of cytoplasmic components. In addition, autophagy is induced as an adaptive response to various physiological and pathological conditions. 2 In fact, the proper regulation of the autophagic flux is fundamental for organism homeostasis under physiological conditions and even more so in response to metabolic stress, such as during physical activity and nutritional deficits. 3 Autophagy plays an important role during cellular remodelling, in the course of embryonic development and ageing. 4 Furthermore, its protective role in the major human diseases such as cancer, neurodegeneration and muscular disorders has been clearly demonstrated. 5, 6 Type 2 transglutaminase (TG2) is a member of a class of enzymes that catalyzes thiol-and calcium-dependent transamidation reactions. TG2 is a calcium-dependent enzyme and represents the most ubiquitous isoform, being expressed in many organs. Since the discovery of TG2 in 1957, 7 a large number of its substrates have been identified in intracellular compartments as well as on the cell surface and in the extracellular matrix. 8, 9 A peculiar aspect of TG2 biology is its multifunctionality, this being dictated by marked changes in the enzyme's 3-D structure. In fact, under physiological conditions the TG2 transamidating activities are inhibited by the binding of GTP, GDP and ATP that constrains the protein in the 'closed' conformation; 10 in contrast, the transamidating activities are dependent on Ca 2 þ activation that shifts TG2 to the 'open' conformation, thereby unmasking the enzyme's active centre. The transamidase activity of TG2 leads to the incorporation/ deamidation of primary amines and of protein crosslinking by catalyzing the formation of isopeptide bond at the level of the amino groups of peptide-bound glutamine and lysine. 11 In addition to its transamidase activity, TG2 has been shown to act as GTPase involved in the intracellular G protein signalling (as Gha) at the level of adrenergic receptor. 12 More recently, TG2 has also been reported to possess intracellular serine/threonine kinase and protein disulphide isomerase activity (PDI). 13, 14 The PDI enzymatic activity has been shown to lead to the post-translational modification of key mitochondrial proteins. [15] [16] [17] [18] [19] Given the TG2 ubiquitous expression and variety of enzymatic and nonenzymatic activities, it is not surprising that this protein appears intimately involved in the regulation of numerous cell functions including cell adhesion, migration, survival and death, exocytosis and more recently autophagy. 20 We have shown that the TG2 protein deletion, both in vivo and in mouse embryonic fibroblasts, results in the accumulation of LC3 II on preautophagic vesicles. [21] [22] [23] We have also demonstrated that TG2 regulation of autophagy occurs by its transamidating activity 24 and its inhibition results in the intracellular increase of ubiquitinated protein aggregates. Interestingly, TG2 colocalizes in the protein complexes containing NBR1 and p62/SQSTM1, two adaptor proteins playing a key in the autophagic clearance of ubiquitinated proteins. 23 Considering all these findings and the evidence linking TG2 to mitochondria homeostasis, we decided to investigate TG2's role in autophagy regulation and organelles' quality control under stressful condition, focusing our studies on enzyme's impact on mitophagy and the aerobic metabolism.
Results
Several studies have proposed the involvement of TG2 in mitochondrial homeostasis. Indeed, it has been clearly shown that TG2 is implicated in the homeostasis of the mitochondrial respiratory chain. 13, 25 In keeping with this notion, some of the characterized TG2 substrates (Prohibitin, ATP synthase b, ANT-1) play a key role in the mitochondrial homeostasis. 26, 14 Prompted by such evidence, we decided to study a possible role of the enzyme in mitochondrial homeostasis, with particular regard to removal of dysfunctional mitochondria by autophagy and its impact on the overall cellular metabolism. To this end, we used MEFs obtained from wild-type (WT MEFs) and TG2 knockout (KO MEFs) mice and HEK293 cells stably transfected with the WT enzyme (HEK293   TG2   ) 23 that constitutively express very low level of TG2 ( Supplementary  Figures S1A and B) .
Effect of TG2 ablation on mitochondrial morphology and function. In order to define the role of TG2 in mitochondrial physiology, we first performed morphological analyses of these organelles in the presence and absence of TG2. We started analysing the mitochondrial network by fluorescent microscopy carried out in WT MEFs and KO MEFs under basal conditions. Figure 1a shows representative images demonstrating the presence of a significant amount of fragmented mitochondria in cells lacking TG2 compared with the tubular ones observed in WT MEFs. We quantified this variance by counting the percentage of cells showing fragmented mitochondria, as reported in Figure 1b . In keeping with this finding, transmission electron microscopy reveals that KO MEFs display damaged swollen mitochondria with altered morphology and aberrant inner-membrane (Figure 1c ). To define whether these morphological defects were correlated to mitochondrial dysfunctions, we decided to examine mitochondrial functionality measuring mitochondrial membrane potential. To this end, we performed a cytofluorimetric analysis in WT and KO MEFs treated with the lipophilic cationic dye TMRM, a membrane potential-dependent marker accumulating in functional mitochondria. The data reported in Figure 1d evidenced a decrease in the TMRM red-orange fluorescence signal in the cells lacking TG2, indicating the depolarization of membrane in dysfunctional mitochondria.
Lack of TG2 leads to an impaired mitophagy. Considering that cells lacking TG2 display dysfunctional mitochondria, we decided to study whether TG2 could be involved in the mitochondrial response to damage. We therefore treated WT and KO MEFs as well as HEK293 and HEK293 TG2 with the uncoupler carbonyl cyanide m-chlorophenyl hydrazine (CCCP) for 18 h to induce mitochondrial damage and eventually the clearance by mitophagy. The ultrastructural analysis of both cell lines upon 18 h of treatment with CCCP revealed profound difference in the morphology comparing cells lacking TG2 (KO MEF and HEK293) and cells with the enzyme. In the latter, the cytoplasm shows a drastic accumulation of damaged mitochondria and autophagosomes containing undigested materials (Supplementary Figures S2 and S3 ). In keeping with this finding, we quantified by flow cytometry analysis the relative mitochondrial mass by Mito Tracker Green (MTG) staining. 27 As shown in Figure 2a , upon 24 h of damage induction, KO MEFs exhibit a significant increase in mitochondrial mass compared with WT cells, suggesting a possible impairment of mitophagy. This finding is also supported by the differential accumulation of PTEN-induced putative kinase 1 (PINK1) that is a key element of mitochondrial quality control specifically targeting these organelles for degradation. In fact, upon CCCP treatment we observed the accumulation of PINK1 in KO MEFs supporting an impairment of the mitophagic process (Figure 2b) . Similar results were obtained in HEK293 cells (Supplementary Figures S1C and D) , confirming the negative effect of the ablation of TG2 on mitochondrial clearance. In keeping with these findings, we also detected the selective degradation of mitofusins, essential proteins in the regulation of mitochondrial dynamics, 28, 29 exclusively in MEFs from WT mice upon CCCP treatment. In fact, no mitofusin degradation was observed in MEFs from KO animals ( Figure 2c ). Interestingly, the mitofusin degradation can be prevented by blocking the lysosomal/autophagic activity by NH 4 Cl in MEFs from WT animals, further indicating the impairment of mitophagy in cells lacking TG2. To further support this hypothesis, we examined the degradation of mitochondria by analysing their colocalization with lysosomes. The immunofluorescence analysis carried out in WT and KO MEFs (Figure 2d ) clearly indicates that cells lacking TG2 have impaired clearance of defective mitochondria, as highlighted by the absence of overlay between Lyso Tracker Red (lysosomes) and Tom20 (mitochondria).
To get insights into TG2 involvement in the process, we monitored TG2 transamidating activity by detecting 5-(biotinamido)pentylamine (BAP) incorporation into mitochondrial proteins upon CCCP treatment. Figure 3a clearly indicates a drastic increase of the enzyme's transamidating activity on mitochondria that is evident after 18 h of CCCP treatment, in coincidence with the onset of mitophagy. 30 In line with this finding, it has been shown that the mitophagy onset is paralleled by the release of free calcium from the endoplasmic reticulum that is essential for TG2 activation. 31, 32 It is important to note that the enzyme's activation on mitochondria is organelle specific as the same analysis carried out on the cytosolic fraction shows a very limited transamidating activity (Supplementary Figure S4A) . To exclude the possibility that the transamidating activity was because of other transglutaminases, we also treated the MEFs with Z-DON, a highly specific TG2 inhibitor (Figure 3b) . Interestingly, the incorporation of BAP was largely inhibited by Z-DON, thus indicating that the observed transamidating activity was because of the activation of TG2. It is interesting to note that the TG2 protein levels on mitochondria show a progressive decrease after CCCP treatment (Figure 3c ). A similar trend was also observed in HEK293 TG2 cells expressing high levels of TG2 (Supplementary Figure S4B) . To define at the molecular level the presence of damaged mitochondria in the absence of TG2, we evaluated the accumulation of the Drp1 protein on mitochondria. Drp1 is a cytosolic protein recruited to mitochondria to carry out their fragmentation and thus facilitate their clearance by autophagy. 33 Interestingly, already in untreated MEFs from KO mice, we detected an enhancement of Drp1 levels (threefold higher, Po0.001; Supplementary Figure S4C ) on mitochondria, thus indicating their impairment and priming to undergo fission. Upon CCCP damage, Drp1 translocates on mitochondria in both WT and KO MEFs (Figures 4a and b) ; however, in WT cells the protein levels go back to the original level at later time points that coincide with mitophagy induction. In contrast, the Drp1 level on the mitochondria from KO MEFs keeps increasing, thus indicating the presence of undegraded damaged mitochondria. To further evaluate the role of TG2 in the clearance of mitochondria, we analysed the TG2 enzymatic activity upon mitochondrial damage induction in the presence of Mdivi-1, an indirect inhibitor of mitophagy. 34 Interestingly, the increased TG2-dependent post-translational modification of substrate proteins observed at later times of CCCP treatment is largely reduced in the presence of Mdivi-1 (Figure 4c ), thus further indicating the involvement of the enzyme in the regulation of mitophagy.
Fission is a prerequisite for mitophagy to occur, but when this protective mechanism fails, mitochondrial fission can also promote apoptosis. Indeed, impairment of mitophagy leads to the accumulation of dysfunctional mitochondria and makes the cells more susceptible to MMP and cell death. 35 It has Fractions were subjected to immunoblotting for the expression of TG2. Hsp60 and tubulin were used as loading control respectively for mitochondrial and cytoplasmic fractions (n ¼ 3)
TG2 is involved in mitophagy F Rossin et al previously been shown that IF1 protects cells from both ischemic and apoptotic type of cell death respectively by (1) limiting the reversion of the F1Fo-ATPsynthase during blockage of cell respiration and (2) supporting cristae structure via the dimerization of the F1F 0 -ATP synthase. 36, 37 In fact, IF1 plays a key role in the preservation of mitochondrial morphology and cristae architecture, supporting its role in the modulation of cytochrome c release and activation of the apoptosis via the intrinsic pathway. 37 In addition, IF1 has been identified as an essential factor for PARK2 recruitment and consequently mitophagy activation. 38 In accordance with the above described protective effect of TG2 on mitochondria, we detected a drastic reduction of IF1 protein level in TG2-null MEFs, untreated cells. Interestingly, we observed a very different IF1 protein turnover in the presence and absence of TG2 that is independent by autophagy ( Figure 5a) . However, the lack of TG2 in KO MEF correlates with the functional analysis of F1F 0 -ATP synthase that is indeed acting in reverse (Figures 5a and b) . In fact, the reversion of F1F 0 -ATP synthase, shown in Figure 5b , is unmasked by oligomycin that, by dropping the Dc m , highlights an inverse way of rotation of the enzyme. These data further indicate the mitochondrial dysfunction priming these cells for cell death induction. To this aim we analysed apoptosis induction in the absence of TG2. As expected, upon 24 h of CCCP treatment, caspase 3 is activated in KO MEFs but not in WT ones (Figure 5c ). Interestingly, the cleavage of caspase 3 can be observed in WT cells only after the inhibition of autophagy by NH 4 Cl that prevents the clearance of damaged mitochondria. In keeping with these findings, we also detected the translocation of GAPDH on mitochondria only in MEFs lacking TG2 (Figure 5d ). It has been shown that under stressful cellular conditions, GAPDH interacts with the voltage-dependent anion channel (VDAC), promoting the cytochrome c and apoptosis-inducing factor release, leading to apoptotic cell death.
39
TG2 interacts with key elements of the fission/fusion molecular pathway. In order to define the molecular mechanisms at the basis of above described effects of TG2 on mitophagy, we analysed the interaction of the enzyme with the mitochondrial Drp1 and Fis1, two key (Figures 6a and c, respectively) . However, upon CCCP treatment, the interaction of TG2 with Fis1 and particularly Drp1 shows a drastic reduction (B50%) at the mitochondrial level (Figures 6b and d) . Interestingly, upon CCCP treatment, TG2 level is rapidly and significantly reduced on the mitochondria (Figure 3c ), thus very likely favouring the interaction between Drp1 with its receptor Fis1 leading to mitochondria fission. Of note, TG2 interacts with Drp1 in the cytoplasm and this interaction is not significantly modified by the CCCP treatment (Figure 6a ). Of note, in the same protein complex we detected the presence of prohibitin (PHB) that displayed an increased interaction with TG2 upon CCCP treatment (Supplementary Figure S4D) . PHB is a well-known TG2 substrate that protects cells from mitophagy. 26, 40 Finally, we observed an early significant reduction in valosin-containing protein (VCP) levels in the mitochondria of HEK293 TG2 upon CCCP treatment that was not displayed in HEK293 cells lacking TG2 expression (Figures 6e and f) . Interestingly, VCP is recruited to damaged mitochondria being involved in their clearance via the PINK1/Parkin pathway. 41 These findings indicate that TG2 might play an important role in mitophagy regulation by its direct interaction with key components of the fission/fusion molecular machinery.
TG2 KO cells show alteration of the aerobic metabolism.
Considering that the absence of TG2 causes alterations in the mitochondria functionality, particularly evident under stressful conditions, we asked how TG2 deletion affects the overall cell metabolism. We therefore measured the extracellular acidification rate (ECAR), as an indicator of the glycolytic flux, in primary MEFs from WT and TG2 KO mice. As shown in Figures 7a and b , lack of TG2 results in higher glycolytic activity that in turn causes increased acidification of the culture medium. In order to further define this finding, we analysed essential regulators of the glycolytic pathway that are also known interactors or substrates of TG2, for instance, TG2 is involved in mitophagy F Rossin et al GAPDH and HIF-1b. 42, 43 The western blots analyses displayed in Figure 7c show that, in the absence of TG2, there is an upregulation of both GAPDH and HIF-1b, thus supporting the observed induction of glycolysis in cells lacking TG2. Consistently, the glycolysis inhibition by 2-deoxy-D-glucose (2-DG), a structural analogue of glucose, leads to a marked activation of transglutaminase activity as evidenced by the incorporation of BAP into cellular proteins (Figure 7d) . Interestingly, the increased TG2 activity leads to caspase 3 crosslinking and consequent inhibition of its proapoptotic activity. Crosslinking of caspase 3 is mediated by TG2 rather than other transglutaminases because it cannot 
Discussion
It is well documented that autophagy plays an essential role in the cellular organelle turnover, selectively degrading dysfunctional or supernumerary mitochondria by a process known as mitophagy. This study provides that TG2 is involved in mitophagy particularly under stressful cellular conditions. It has been previously shown that the TG2 transamidating activity inhibition resulted in an evident accumulation of autophagosomes, suggesting the impairment in the final stages of the autophagy process. [22] [23] [24] In this work, we demonstrate a TG2-protective role in the turnover and degradation of dysfunctional mitochondria. In fact, in the absence of the enzyme we observed an accumulation of dysfunctional mitochondria in two different cell lines, thus TG2 is involved in mitophagy F Rossin et al suggesting a role for TG2 in the regulation of mitochondrial homeostasis. Furthermore, we show a mitochondria-specific activation of the enzyme transamidating activity upon mitochondrial damage (CCCP treatment). We demonstrated that cells lacking TG2 display altered mitochondrial morphology and functionality, as shown by the presence of more fragmented and depolarized mitochondria, paralleled by a drastic suppression of IF1, a molecule that associates with the preservation of mitochondrial morphology, ultrastructure and the efficiency of the mitophagy cascade. The IF1 reduced expression links with the functional analysis of the F1Fo-ATPsynthase that is indeed acting in reverse, an adaptation that may well fit with the metabolic phenotype of the TG2 KO cells in which the glycolytic metabolism results increased. These results are in keeping with a previous study demonstrating that deletion of TG2 in mice caused a significant deregulation of the respiratory complexes I and II and a reduction of ATP production and confirm a role for the enzyme as a protective element in the regulation of mitochondrial homeostasis and metabolism. 25 In line with this notion, cells knockout for TG2 displayed, before and after damage, a sustained higher mitochondrial level of the fission protein Drp1, a primary regulator of mitochondrial fission. 44 Interestingly, we observed the interaction of endogenous TG2 with Drp1 in both the cytosol and at mitochondrial level; this physical interaction, however, significantly decreased after a sustained mitochondrial damage as well as the interaction of TG2 with Fis1. Based on these findings, it is tempting to hypothesize that TG2 interferes with Drp1 binding to its mitochondrial receptors, therefore delaying mitochondrial fission preceding mitophagy (Figure 8 ). Of note, we showed that Mdivi-1, a cell-permeable inhibitor of Drp1-mediated mitochondrial fission, leads to a marker decrease of TG2 intracellular crosslinking activity that coincides with the onset of mitophagy. 45, 46 This compound, by blocking the GTPase activity, inhibits the oligomerization of Drp1, thus preventing the mitochondrial fission. 47 Interestingly, this compound has been proposed as a potential new drug for neurodegenerative diseases. 48, 49 To this aim, it is relevant that TG2 has been shown to play a role in the pathogenesis of neurodegenerative diseases characterized by mitochondria impairment, such as Parkinson's disease and Huntington's disease. 17, 50 Thus, future studies should clarify by which mechanism Mdivi-1 inhibits TG2 transamidating activity and whether this might represent a possibility to treat neurodegenerative disease.
We also demonstrated that, in order to survive, cells lacking TG2 switch to a higher rate of aerobic glycolysis and are more sensitive to the glycolytic inhibitor 2-DG. Overall, these metabolic rearrangements indicate a compensatory alteration of the mitochondrial metabolism in the absence of the enzyme, suggesting a role for TG2 in the regulation of the switch of cellular metabolism from mitochondrial respiration to aerobic glycolysis. Finally, we observed that the accumulation of fragmented mitochondria, in the absence of TG2, leads to caspase 3 activation. According to this result, WT cells undergo apoptosis only when the degradation of mitochondria by autophagy is inhibited. In this regard, it is known that fission facilitates to remove damaged mitochondria, leading to their degradation by autophagy; however, when this protective mechanism is defective, mitochondrial fission can promote apoptosis as well. 35 In line with the herein proposed protective role displayed by TG2 upon mitochondrial damage, we demonstrated that the transamidating activity of TG2 leads to inhibition/delay of apoptosis by crosslinking caspase 3, thus impairing its activation. It is important to note that the transamidating activity of TG2 increased at later times after CCCP treatment as a specific protective event associated with the accumulation of dysfunctional mitochondria, as confirmed by the absence of transamidating activity in cells treated with the mitophagy inhibitor Mdivi-1. In keeping with this, it is accepted that upon mitophagy induction there is an increase of free calcium ions in the cytoplasm that may result in the activation of the transamidating activity of TG2. 31, 32, 51 Overall, these findings highlight the essential protective role played by TG2 in the regulation of mitochondria functionality as well as in their clearance by mitophagy. Figure 8 Schematic representation of the hypothetical regulation of mitochondrial dynamics by TG2. In healthy mitochondria TG2 interacts with Drp1 in both the cytoplasm and at the mitochondrial outer membrane level. In addition, TG2 also interacts with Fis1 at the mitochondrial level; this binding could compete for the receptor interaction with its ligand, Drp1. Following mitochondrial damage with CCCP, we observed a significant reduction of the TG2 localized at the mitochondrial level that is paralleled by an almost complete abolishment of its interaction with both Drp1 and Fis1. This event is followed by a much higher Drp1 recruitment on the mitochondria and an increased PINK1 stabilization, thus favouring mitochondrial fragmentation and eventually their removal by mitophagy Cell culture and drug treatments. MEFs (mouse embryonic fibroblasts), HEK293 (human embryonic kidney) and HEK293 TG2 23 were cultured in Dulbecco's modified Eagle's medium (Lonza, Basel, Switzerland) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 mg/ml streptomycin and 100 units/ml penicillin in a 5% CO 2 incubator.
To inhibit autophagy and mitophagy, cells were incubated in full medium for the indicated periods respectively with 20 mM NH 4 Cl (Sigma, A-0171) and 50 mM Mdivi-1 (Enzo, BML-CM127). For TG2 inhibition treatment, cells were incubated in full medium in the presence of 40 mM Z-DON (Zedira, Darmstadt, Germany) for 18 and 24 h. To induce mitochondrial damage, MEF cells and HEK293 cells were incubated in full medium respectively with 20 and 10 mM CCCP (Sigma, C2759). To inhibit glycolysis, cells were incubated in full medium with 10 mM 2-DG (Sigma, D6134).
Immunoblotting. Cells were collected in a lysis buffer containing 20 mM Tris-HCl, pH 7.4, 150 mM NaCl and 1% Triton X-100 with protease inhibitor cocktail (Roche, Nutley, NJ, USA). Mitochondria were prepared by differential centrifugation: unbroken cells, nuclei and large membranes were removed through centrifugation at 500 g. The supernatant was further centrifugated at 9000 Â g. The pellet, which constituted the enriched mitochondrial fraction, was resuspended in 50 mM Tris-HCl, pH 7.4, and 1 mM EDTA with protease inhibitor cocktail (Roche).
Proteins were quantified with standard Bradford staining and resolved on SDSpolyacrylamide gel and transferred to a nitrocellulose membrane. Blots were blocked in 5% nonfat dry milk for 1 h at room temperature and then incubated overnight with the primary antibodies. The membranes were incubated with HRPconjugated secondary antibody for 1 h at room temperature and the signal was detected by Immun-Star WesternC Kit (Bio-Rad Laboratories).
In situ TG assay. In situ TG activity was quantified by determining the incorporation of BAP into protein substrates. In brief, cells were incubated with 2 mM BAP (Soltec Ventures, Beverly, MA, USA; B110) in combination with each treatment. Cells were then harvested, total extracts or mitochondrial/cytosolic fractions were obtained as above described and proteins were resolved by SDSpolyacrylamide gel. The blots were probed with HRP-conjugated streptavidin (Amersham Biosciences, Little Chalfont, UK) for 2 h at room temperature and then developed following the standard ECL protocol.
Fluorescence microscopy. MEF cells, grown on coverslips, were incubated with 75 nM Lyso Tracker Red (Molecular Probes, Carlsbad, CA, USA; DND-99) in the culture medium at 37 1C for 20 min to label acidic compartments, then washed with PBS and fixed in 4% paraformaldehyde for 10 min at room temperature. Fixed cells were permeabilized with 0.1% Triton X-100 in PBS for 10 min, blocked with 3% BSA in PBS for 20 min and incubated with anti-Tom20 primary antibody for 1 h. After washing, cells were incubated with Alexa Fluor 488-conjugated secondary antibody. Nuclei were stained with 10 mg/ml Hoechst 33342 for 10 min. The coverslips were mounted on microscope slides, sealed with an antifade solution and examined with an image workstation DeltaVision (Applied Precision, Issaquah, WA, USA) Olympus 1 Â 70 microscope (Olympus, Munster, Germany).
Immunoprecipitation. Mitochondrial fraction was prepared in HEMG buffer (25 mM Hepes, pH 8.0, 100 mM NaCl, 25 mM MgCl 2 , 0.5% Triton X-100, 0.1 mM EDTA and 10% glycerol) and protease inhibitor cocktail (Roche) as described above. Mitochondrial proteins were subjected to immunoprecipitation using specific antibodies in a combination with Protein G PLUS-Agarose (Santa Cruz). Immunoblot analysis was performed with indicated antibodies.
Quantitative analysis of tubular and fragmented mitochondria. MEF cells were grown on coverslips and then transfected with pDsRed2-Mito plasmid, which leads to the expression of a MitoRed mitochondrial-targeted fluorescent protein, to label the organelles. The transfected cells were fixed in 4% paraformaldehyde for 10 min at room temperature and analysed by fluorescence microscopy. Mitochondrial morphology in individual cells was evaluated. Fragmented mitochondria were shortened, punctate and sometimes rounded, whereas tubular mitochondria showed a thread-like tubular structure. For quantification, the cells with different mitochondrial morphologies were counted to determine the percentage of cells with fragmented mitochondria, in five independent fields from three independent experiments. Most of the cells had fragmented mitochondria or tubular mitochondria. If a cell showed mitochondria with mixed morphologies, we classified the mitochondrial morphology according to the majority of the mitochondria.
Measure of glycolytic flux. ECAR was measured using a XF-24 Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA, USA). Primary MEFs were seeded at a density of 60 000 cells/well and analysed after 24 h. Optimal cells densities were determined experimentally to ensure a proportional oxygen consumption with cell number in response to FCCP (data not shown). Glycolysis was measured as ECAR that reflects lactate production via glucose catabolism. The experiment was performed in non-buffered DMEM containing 5 mM glucose and 1 mM sodium pyruvate; pH was adjusted to 7 with NaOH.
Analysis of mitochondrial membrane potential and mitochondrial mass. Determination of mitochondrial membrane potential was performed with tetramethylrodhamine methyl ester (TMRM, Invitrogen). Briefly, WT and KO MEFs were harvested, washed and resuspended in PBS. Cells were then loaded with 200 nM TMRM in PBS for 20 min at 37 1C.
Mitochondrial mass was measured by MTG (Molecular Probes) staining. Cells were trypsinized, washed and resuspended in PBS with 100 nM MTG for 30 min at 37 1C.
Fluorescence was measured by FACScan flow cytometer (BD Biosciences, San Jose, CA, USA) using the CellQuest software (BD). In each analysis, 10 000 events were recorded.
Imaging mitochondrial membrane potential. We used TMRM (50 nM, Invitrogen) in 'redistribution mode': the dye was allowed to equilibrate and was present continuously. TMRM distributes between cellular compartments in response to different potentials and, at concentrations of o50 nM, the fluorescent signal shows a simple relationship with the dye concentration, so that signal intensity maps to mitochondrial potential. TMRM fluorescence intensity was quantified by removing all background signal by 'thresholding' and measuring the mean TMRM fluorescence intensity in the pixels containing mitochondria. Thus, the signal is independent of mitochondrial mass and only reflects the dye concentration within individual mitochondrial structures.
Electron microscopy. WT and KO MEFs were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer for 1 h at 4 1C, and postfixed in 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h. The cells were then dehydrated in graded ethanol and embedded in Spurr resin. Ultrathin sections were stained with 2% uranyl acetate and observed under a Zeiss EM900 (Oberkochen, Germany) transmission electron microscope. Images were captured digitally with a Mega View II digital camera (SIS, Olympus).
Statistical analysis. Densitometry measurements were used for statistical analysis using GraphPad (La Jolla, CA, USA). Statistical significance was determined using Student's t-test. A P-value, *Po0.05, was considered to be significant.
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